Chromosomal evolution in primates has been investigated at several levels of resolution, including comparative chromosome banding (Yunis and Prakash 1982) , gene mapping (Turleau et al. 1983) , cross-species chromosomal painting (Jauch et al. 1992; Murphy et al. 2005) , comparative genome hybridization painting (Carbone et al. 2006) , and fluorescent in situ hybridization (FISH) (Wienberg 2005) . In general, linkage groups, gene order, and function have remained relatively unchanged since the common catarrhine primate ancestor (Haig 1999) . Recent studies have not only identified the role of segmental duplications in disease and evolution but have also supported a nonrandom ''fragile-breakage'' model for chromosomal rearrangements (Armengol et al. 2003; Pevzner and Tesler 2003; Bailey et al. 2004) . Overall, ;40% of chromosomal rearrangements are associated with segmental duplications in mammals (Bailey and Eichler 2006) . Segmental duplications are also a major impetus for the evolution of novel genes and gene functions by duplication and domain accretion (Eichler 2001; Samonte and Eichler 2002) . However, in certain primate lineages, the position of chromosomal breaks and the evolutionary rate of rearrangements follow unpredictable patterns (O'Brien and Stanyon 1999) and the role of segmental duplications is not well established.
Gibbons, extant genera among the hominoids, show both anatomical and behavioral specializations. Compared with other apes, gibbons are small, slender, and agile, exhibit no sexual dimorphism, and have very long arms adapted for a spectacular arm swinging locomotion called ''brachiation'' (Clutton-Brock et al. 1977; Gebo 1996; Plavcan 2001; Usherwood and Bertram 2003) . Gibbons have loud vocalizations and live in small monogamous families composed of a mated pair and offspring (Harcourt et al. 1981; Plavcan 2001; Dooley and Judge 2007) . In contrast to other apes, which show limited chromosomal variation, gibbons (family Hylobatidae) exhibit rapid chromosomal evolution with a diverse karyotypic pattern among different species and subspecies (O'Brien and Stanyon 1999; Muller et al. 2003) . Humans and gibbons are estimated to have separated from their common hominoid ancestor between 15 and 20 million years ago (mya) (Goodman 1999) , and, subsequently, waves of synteny block rearrangements in the common gibbon ancestor (Hylobatidae) gave rise to four distinct gibbon genera with varying chromosomal numbers (Jauch et al. 1992; Muller et al. 2003) . Furthermore, 84 of the 107 synteny breaks in gibbons, relative to humans, are specific to the gibbon lineage, inherited from the common gibbon ancestor, while the remainder (23/107) occurred in the common hominoid ancestor (Roberto et al. 2007 ). Interestingly, 14 of the 84 gibbon synteny breaks are specific to the white-cheeked gibbon (Nomascus leucogenys, NLE), suggesting increased chromosomal rearrangement in that gibbon lineage (Muller et al. 2003) .
The orthologous chromosomal blocks between human and NLE gibbon were recently mapped by two studies using bacterial artificial chromosome (BAC) end sequencing or array painting and confirmed by FISH (Carbone et al. 2006; Roberto et al. 2007 ). The average breakpoint resolutions of these two studies were ;80 kbp and 200 kbp, respectively (Carbone et al. 2006; Roberto et al. 2007) . At this level of resolution, molecular mechanisms causing synteny breaks were not clear; however, segmental duplications were estimated to be associated with 46% of the rearrangements (Carbone et al. 2006) . Although the potential for disruption of several genes in the vicinity of the breaks was suggested, the effect of the breaks on the gene structures, per se, was not well defined at this resolution. Previously, sequencing of a subset of gibbon BAC clones revealed segmental duplications or interspersed repeats at the breakpoints, although a detailed analysis of these regions was not presented (Carbone et al. 2006) . While karyotypic variations are implicated for anatomical and phenotypic differences between hominoid species (Ferguson-Smith and Trifonov 2007) , a highresolution comparative genomics approach is imperative to identify the underlying causative molecular event.
We performed a sequence-based assessment of human and white-cheeked gibbon synteny breaks (1) to determine the sequence architecture and genomic characteristics predisposing to synteny breaks and chromosomal instability in gibbons, and (2) to determine the extent of gene rearrangements, correlating these with signatures of molecular evolution. Since regions of chromosomal rearrangement are frequently enriched in complex repetitive structures that are sometimes difficult to resolve by wholegenome sequence assembly, we targeted large-insert gibbon BAC clones for complete high-quality sequence analysis. Our analysis has characterized a subset of human-gibbon breakpoints at the sequence level, provided insight into the mechanism of rearrangement, and identified genes that potentially contribute to the evolution of the gibbons.
Results

Sequence resolution of human-gibbon breakpoints
We previously mapped the position of gibbon rearrangements orthologous to human chromosomes (HSA) by BAC-end sequence mapping and FISH ( Fig. 1A ; Roberto et al. 2007 ). Based on the BAC-end sequencing data and FISH-derived framework of human and NLE gibbon maps, we selected 24 gibbon BACs that span the syntenic breaks on the human genome for complete insert sequencing (see Methods). Our target set included eight intrachromosomal and 16 interchromosomal gibbon rearrangements with respect to the human genome (Table 1) . We purposefully biased against regions associated with segmental duplications (SDs) due to the inherent difficulties in resolving breakpoints within duplicated regions, ambiguity associated with experimentally validating these events by FISH, and difficulties in obtaining large-insert clones. As such, we anticipated that we would enrich for rearrangement events mediated by nonhomologous end-joining (NHEJ) as opposed to nonallelic homologous recombination (NAHR). Each of the 24 BACs was sequenced (generating ;4.2 Mbp of finished, high-quality NLE genomic sequence) and aligned to the human genome sequence assembly (Build 35; Fig. 1B ). The NLE gibbon synteny blocks mapped unambiguously to orthologous regions on human chromosomes, consistent with the experimental FISH results (Table 1 ; Fig. 1A,B ).
Breakpoint analysis
We compared orthologous human and gibbon genomic sequences using a modified miropeats analysis (Parsons 1995) and a multiple sequence alignment analysis (ClustalW) (Higgins et al. 1996) to precisely identify the breakpoint or breakpoint interval for each event (see Methods). We manually curated all multiple sequence alignments and, due to the sequence heterogeneity and complexity of several breakpoints, we inspected regions flanking each of the breakpoints for orthology based on the analysis of highquality alignments. The repeat content of both gibbon BACs and human orthologous regions was annotated using RepeatMasker (http://repeatmasker.org) and DupMasker ) (Supplemental Tables 1, 2 ). In addition, we examined the gibbon BAC sequences for the presence of lineage-specific gibbon duplications by identifying regions of excess read depth from available gibbon whole-genome shotgun (WGS) sequence data (Bailey et al. 2002) .
A comparison of human and gibbon breakpoints revealed two distinct classes: class I (n = 9), where the two syntenic regions precisely abut the breakpoint, and class II (n = 15), where the breakpoint could only be assigned to a sequence interval (termed breakpoint interval) ( Fig. 2 ; Supplemental File 1). Class II breakpoints typically included additional sequences, ranging in length from 9 bp to 20 kbp, that did not map to either human orthologous chromosomal region (Table 1 ; Supplemental File 1). Nine class II breakpoints contained intervals ranging between 9 bp and 669 bp that also included insertions of AT-rich repeats, LTR (Supplemental Fig. 1 ), and AluY repeat elements, and one breakpoint interval contained insertion sequences generated by a replication slippage event (Table 1 ; Supplemental File 1). The 669-bp insertion formed a ''mosaic'' structure consisting of a series of three LTR5 elements and L1 repeats interspersed with nonrepeat sequences (Supplemental Fig. 1 ). We found no significant difference in the distribution of class I and class II events (Supplemental Table 3 ) when considering rearrangement events that occurred early within the gibbon phylogeny or, more recently, within the Nomascus lineage (Misceo et al. 2008) .
Six breakpoints contained larger insertion sequences ranging from >1 kbp up to 20 kbp in length ( Fig. 3A,B ; Supplemental File 1). Of note, one of these breakpoints contained three L1PA4 elements arranged in tandem in gibbons but was absent in the corresponding syntenic region in humans (Fig. 3A) . While the 1.1-kbp interval consisted of a single L1P element, the 8-kbp and 5-kbp intervals both consisted of a combination of L1PA4, L1MA3, simple repeats, or nonrepeat sequences ( Fig. 3A,B ; Supplemental File 1). No target site duplications (TSDs) were associated with these elements (Supplemental Table 4 ), suggesting an endonuclease-independent retrotransposition process (Morrish et al. 2007 ).
Although we biased our initial selection against segmental duplications, we found that one-third (8/24) of the sequenced gibbon BACs contained segmental duplications flanking the breakpoint intervals, ;58% (135/234 kbp) of which occurred specifically within the gibbon lineage (Supplemental Table 5 ). We identified two breakpoint intervals that were themselves novel gibbon SDs (20 kbp and 4.3 kbp in length) (Fig. 4A,B ) and spanned the breakpoint interval. Both SDs were also mosaic in their organization. For example, our sequence analysis of the 20-kbp SD showed that it mapped to multiple locations on human chromosome 17. It consisted of three major segments: a 5.9-kbp fragment, containing the gene structures for CCL3, CCL3L1, and a previously identified ''core'' duplicon (partial duplications of the TBC1D3B and TBC1D3C genes) on chr17q12 (Jiang et al. 2007; Sharp et al. 2008) , a 12.6-kbp segment mapping to the KRT17 gene on chr17q21.2, and an overlapping 7.4-kbp segment that lacked genes (Fig. 4A) . The second duplication at a gibbon breakpoint was smaller in size, a 4.3-kbp SD insertion. It shared high sequence identity (>95% identity, >1 kbp) to two sequences located 72 kbp and 64.5 kbp upstream of the translocation on chromosome 3 (Fig. 4B ), possibly as a result of skipping of templates during replication ( Fig. 4B ; Lee et al. 2007; Smith et al. 2007; Payen et al. 2008) . In both cases, the SDs mapped at the junctions of interchromosomal translocation fusion points (in gibbon) but were formed from template sequences located on only one of the two chromosomes involved in the translocation process.
The final class II breakpoint carried a 1.2-kbp insertion that was a ''hodgepodge'' of LINE, SINE, and LTR elements (Table 1 ; Supplemental Fig. 2 ; Supplemental File 1). BLAST analysis showed this breakpoint interval sequence did not map en bloc to either the human or the macaque genome, indicating that this particular constellation of sequence elements formed within the gibbon lineage. Similarly, our sequence analysis showed the divergence estimates of the LINE insertions and both SD insertions to be consistent with events that had occurred specifically within the gibbon lineage (Supplemental Tables 2, 3 ). Irrespective of their mechanism of origin, these data argue that human-gibbon synteny breaks are particularly receptive for the accumulation of additional retrotransposons and segmental duplications.
To explore a possible common mechanism for synteny breaks, we further analyzed breakpoint regions for enriched sequence motifs (Supplemental File 1; see Methods). We identified short stretches of 2-6 bp of microhomology in 50% (12/24) of the breakpoint regions from both classes (Supplemental File 1), suggesting a nonclassical NHEJ mechanism for synteny breaks (Yan et al. 2007 ). Such microhomology motifs have, for example, been associated with template switching double-strand break (DSB) repair (Lee et al. 2007; Smith et al. 2007 ). Also, previously described sequence motifs associated with DSBs and recombination hotspots (Abeysinghe et al. 2003) were identified in the region flanking the breaks (Supplemental File 1). Finally, several orthologous NLE breakpoint regions in humans mapped within known regions of human copy number variation and structural variation (see Methods; Table 2; Supplemental Table 6 ). All BAC clones were experimentally validated by FISH as described previously (Roberto et al. 2007) . In this example, a gibbon BAC clone spanning the breakpoint shows a single signal on gibbon chromosome 2 (NLE 2), but FISH mapped to human shows two signals on chromosomes 5 and 16, identifying an interchromosomal rearrangement (as represented by the chromosomal ideogram). (B) Sequence architecture at human-NLE gibbon synteny breaks. (Top panel) Miropeats analysis of the gibbon BAC, CH271-301L21 (AC198102), when compared with segments of human chromosome 5 (132461336-132644892, blue) and chromosome 16 (73369800-73421145, orange). Representative repeat elements, LINE, SINEs, LTRs, segmental duplications, and genes mapping to the synteny blocks with arrows denoting transcriptional orientation are also shown based on human genome annotation. (Bottom panel) Three-way ClustalW alignment between human and NLE gibbon sequences at the breakpoint with 1 (blue) denoting a sequence identity with the human chromosome 5 segment and 2 (orange) indicating sequence identity with the human chromosome 16 segment. The figure shows a class I breakpoint where the human breakpoints abut precisely at the point of fusion on the gibbon chromosome.
Gene content analysis
We identified seven human gene orthologs whose protein-coding sequences were disrupted by the rearrangement in gibbons (Table  3) . These included genes involved in G-protein-coupled receptor signaling pathways (DEPDC4 and GNG10 (LOC552891), phospholipid metabolism including sphingomyelin hydrolysis (ENPP5) and transport (PLSCR2), peroxisomal b-oxidation (ECH1), cell structure organization (HEATR4), and ovarian and testicular functions (ZNF461 [also known as GIOT-1]) in humans (Mi et al. 2005) . To test for the enrichment of genes at synteny breaks, we simulated a random distribution of breakpoints to the human genome assembly, excluding segmental duplications due to our initial bias in selecting against these regions for sequence analysis in the gibbon. The number of breakpoints mapping within human RefSeq coordinates was used to estimate an empirical P-value (n = 100 permutations). Compared with the random simulation (expected = 19, standard deviation = 3.5), the rate of gene disruption observed in 24 gibbon breakpoints was significantly lower (observed = 7), indicating that gibbon rearrangement breakpoints are biased against gene disruptions (P = 0.02) (see Methods; Supplemental Fig. 3 ; Supplemental Table 7) .
Interestingly, we found that 33% (8/24) of the BAC clones sequenced contained clusters of tandemly duplicated genes mapping within 50 kbp of the breakpoint, including the growth hormone cluster, KRAB-containing zinc finger genes (ZNF677, ZNF483, ZNF512, ZNF567, and ZNF382), vomeronasal type 1 receptors (VN1R2 and VN1R4), phospholipase scramblase (PLSCR1 and PLSCR2), and acyl-CoA thioesterases (ACOT1 and ACOT2) (Supplemental Figs. 4, 5; Supplemental Data) . In some cases, paralogous genes (based on human gene annotation) were disrupted in gibbons (Supplemental Fig. 5A ). For example, one breakpoint mapped to the 59UTR of the somatotropin hormone, GH2, predicting a disruption of transcription due to uncoupling of the promoter from its coding sequence-an observation that was also reported by Carbone and colleagues (2006) . Sequence analysis of the other gene family members, CSH1, CSH2, and CSHL1 within the gibbon, demonstrated numerous sequence variations, including obliteration of the start codon and point mutations in the sequence coding for the signal peptide domain of the proteins (Supplemental File 2). Similarly, the human paralogous gene, ACOT1, may be disrupted by the gibbon rearrangements, as SIM4 analysis predicted only the ACOT2 gene in gibbons (see Methods; Supplemental Fig. 5B ).
We investigated whether the gibbon rearrangement events coincided with changes in the evolutionary pressure of genes mapping at the breakpoints or distal to the breakpoints. For this purpose, we performed a maximum-likelihood evolutionary analysis using Phylogenetic Analysis by Maximum Likelihood (PAML) to calculate d N /d S ratios (v) (see Methods) (Yang 1997) . First, we reconstituted a complete gibbon gene model based on the BAC sequence and the available gibbon whole-genome shotgun sequence (for the portion of the gene that was not represented within the BAC clone) ( Table 4) . Next, we created a multiple sequence alignment of the coding sequence from available genome sequence data and generated a phylogenetic gene tree with a minimum of five orthologous genes from various primate and mammalian lineages (Supplemental File 3). It should be noted that the latter approach in the case of duplicated genes is suboptimal as it is impossible to accurately distinguish paralogous genes from WGS read data. Thus, more rigorous tests of selection within the human and gibbon lineages are not possible until a high-quality sequence of all duplicated gene family members has been generated.
Three genes disrupted in the protein-coding sequences clearly showed a relaxation of selection pressure within the gibbon lineage; namely, DEPDC4 (v = 1.31), HEATR4 (v = 1.03), and GNG10 (v = 0.927), consistent with pseudogenization as a result of the rearrangement (v ;21 for gibbon branch in the phylogeny; Table 4 ). Two additional gibbon gene models showed the presence of multiple nonsense mutations despite d N /d S ratios suggesting purifying selection (v < 1) ( Fig. 5 ; Table 4 ; Supplemental File 3); namely, ECH1 (v = 0.25 and 0.18) and ZNF461 (v = 0.13 and 0.0001). A comparison using a free codon-substitution model for neutral (v = 1) or conserved (v = 0.5) evolution in the gibbon branch for all analyzed genes suggested a significantly conserved evolution for ECH1, ZNF461, and GNG10 (LOC552891) (see Methods; Supplemental Table 7 ). Coding sequences for PLSCR2 and ENPP5 were not available (in the current gibbon WGS assembly) for evolutionary analysis. As expected, analysis of genes distal to the breakpoints demonstrated signatures of purifying selection (Table 4; Supplemental Table 8 ; Supplemental File 3).
Discussion
Gibbons are known to have a rapid rate of chromosomal evolution among the hominoids, mainly involving large-scale rearrangements and rapid karyotypic divergence (Muller et al. 2003; Carbone et al. 2006; Roberto et al. 2007 ). In contrast to human and great ape segmental duplications, where ;70% of all largescale evolutionary rearrangements map to regions of segmental duplication (Kehrer-Sawatzki and Cooper 2008), initial studies of the gibbon reported that only 46% of gibbon breakpoints mapped to sites of segmental duplication in the human lineage (Carbone et al. 2006) . BAC sequence analysis of a smaller subset identified segmental duplications or interspersed repeats at most breakpoints; however, two clones in this initial study also showed evidence of ''micro-rearrangements'' containing disparate repeat sequences derived from various human chromosomal locations (Carbone et al. 2006) . These initial data from Carbone and colleagues hinted at potential alternate mechanisms of rearrangements, although the number of sites and the extent of sequence analysis were limited. In this study, we expanded upon earlier work (Carbone et al. 2006; Roberto et al. 2007 ) to present single-base-pair resolution of 24 human-gibbon breakpoints of synteny within the context of 4.2 Mbp of high-quality gibbon BAC sequence.
The most striking finding was the presence of additional sequences for ;40% of the gibbon sites of translocation, suggesting a more complex rearrangement mechanism than simply nonallelic homologous recombination or nonhomologous end joining. The largest (1-20 kbp) of these insertion sequences consisted of various classes of repetitive DNA including segmental duplications and L1 repeats. Detailed sequence analyses of these new insertions reveals two important features. First, we note that in the case of L1 elements, we observed no target-site duplications, suggesting that they did not originate as a result of typical endonuclease-mediated retrotransposition (Morrish et al. 2007 ). Second, in many cases the new insertion sequences are mosaic structures composed of disparate common repeats or duplicated sequences (Figs. 3, 4 ; Supplemental Fig. 2 ) that originate upstream of the rearrangement breakpoint.
At least two different mutational mechanisms are consistent with these observations. Since microhomology was observed in 50% of the human-NLE gibbon breaks (Supplemental Fig. 6 ), one possibility may be a microhomology-mediated end-joining (MMEJ) mechanism, recently reported as a nonclassical NHEJ mechanism for translocations in mammals (Yan et al. 2007 ). Sequence microhomology and site-specific recombinogenic sequences in the vicinity of the breakpoints have been associated with translocations in evolutionary rearrangements and cancer (Kehrer-Sawatzki et al. 2002; Abeysinghe et al. 2003; Wei et al. 2003) . We identified sequence motifs (e.g., topoisomerase II and translin sites) consistent with DSB and repair mechanisms generating overhangs at several human-NLE gibbon breakpoints (Negrini et al. 1993; Kanoe et al. 1999; Wei et al. 2003) . We propose that these overhangs may have been repaired by an ''error-prone'' mechanism, creating some of the smaller breakpoint intervals (Fig. 6A) .
Both the microhomology and, more importantly, the mosaic architecture of the larger breakpoint intervals are also consistent with more recently proposed replication-based mechanisms such as FoSTeS (fork stalling template switching) (Lee et al. 2007 ) and MMIR (microhomology/microsatellite-induced replication) (Payen et al. 2008) . Template switching as a result of multiple rounds of strand invasion from DSB sites generated by stalled or collapsed replication forks to ectopic sites could, in principle, explain some of the events we have observed (see ''gap-fill model,'' Although we have clearly biased against homology-based events, such insertions of mosaic structures have not yet been described at sites of rearrangement between humans and the African great apes, most of which have now been characterized at the molecular level Cooper 2007, 2008) . Do these results provide any insight into the apparent increased tempo of large-scale rearrangements in the gibbon lineages? There are a few important facts. First, computational analyses of the human genome based on percent sequence identity suggest a burst of segmental duplications in the African greatape lineage when compared with other apes (Cheng et al. 2005; Bailey and Eichler 2006) . Second, most large-scale chromosomal rearrangements in humans and African great apes are intrachromosomal as opposed to interchromosomal translocations Cooper 2007, 2008) . Third, 65%-70% of all great ape chromosomal rearrangements were associated with large blocks of segmental duplication (Cheng et al. 2005; Kehrer-Sawatzki and Cooper 2007) , although the number appears to be lower in gibbons (46%) (Carbone et al. 2006) . One possibility may be that a paucity of segmental duplications in ancestral gibbon genomes channeled rearrangement pathways away from NAHR, favoring these alternate mechanisms (e.g., MMIR, FoSTeS, break-induced replication). We speculate that the overall ''rate of rearrangement'' is largely constant among all ape genomes but that fewer SDs drive fewer homology-mediated events and, consequently, nonhomology-based mechanisms contribute more significantly to large-scale chromosomal rearrangements in gibbons. Many SD-mediated events have occurred among great apes, but because of the predominance of interspersed duplication blocks within close proximity along a chromosome, a large number of these African-ape events are below the level of cytogenetic resolution and instead are observed as an abundance of smaller structural variant events (Feuk et al. 2005; Newman et al. 2005) .
In this model, intrachromosomal segmental duplications essentially ''resolve'' larger chromosomal rearrangements in the African great ape/human genomes (Kehrer-Sawatzki and Cooper 2007). Moreover, given that NAHR events are often associated with breakpoint reuse (Bailey et al. 2004; Murphy et al. 2005; Zody et al. 2008) , at a constant rearrangement rate, the great apes would show apparently fewer structural changes, due to recurrent rearrangements involving the same chromosomal segments. Please note that the NLE gibbon BAC is in the reverse orientation. A schematic depicting the arrangement of a 4.3-kbp sequence block at the breakpoint derived from ;2.5-kbp and 1.8-kbp blocks located ;72 kbp and 64.5 kbp upstream, respectively, are also shown. The location of human fosmid probes (black bar), wibr2-1964j21 (chr12: 45810892-45850262 ) and wibr2-997b14 (chr12: 45855081-45893396), used to map the NLE-specific segmental duplication, is also shown. (Bottom panel) Representative comparative FISH signal pattern on human (HSA) and gibbon (NLE) chromosomes using a human fosmid (wibr2-1964j21) probe mapping to segmental duplications ;8 kbp downstream from the breakpoint (see Roberto et al. [2007] for FISH methods). Both the fosmids showed signals on NLE8 (12c) and NLE11 (12b1), displaying the presence of duplications on both translocated chromosomes. Syntenic blocks between human and gibbon chromosomes are reported diagrammatically on the left side of NLE chromosomes, according to Roberto et al. (2007) .
However, gibbons with fewer SDs would tend to have more distinct structural changes, although with the same effective number of events. In this regard, it is interesting that we previously noted no apparent increase in smaller rearrangements in gibbon despite the nearly fourfold increase in gross chromosomal rearrangement events when compared with the African great apes (Roberto et al. 2007) . High-quality sequence of many more breakpoints within ape lineages will be necessary to fully address this model.
Although the precise mechanism(s) underlying these events is not yet understood, it is clear that segmental duplications are intimately associated with large-scale chromosomal rearrangements. Even when we bias against SD regions such as in this study, the association resurfaces. Bailey et al. (2004) proposed that the association between segmental duplications and large-scale genomic rearrangements is not entirely causative. In our study, eight breakpoints mapped within 100 kbp of a previously characterized segmental duplication. Since no homology was detected at corresponding chromosomal positions of the rearrangement (Supplemental Data; Table 2 ), we exclude the possibility of homology-mediated (or NAHR) events. In four cases (Supplemental Table 5 ; Supplemental File 4), we identified gibbon-specific segmental duplications mapping distal to (within 50 kbp) gibbon fusion breakpoints. One example is the gibbon-specific segmental duplication mapping ;8 kbp downstream from the HSA3 and HSA12 translocation breakpoint (Fig. 4B) . FISH analysis using human fosmid probes showed signals on both translocated chro- Kidd et al. (2008) . e Sebat et al. (2007) . Sequencing human-gibbon breakpoints of synteny
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www.genome.org mosomes (Fig. 4B) ; however, no direct involvement of SD was evident in this chromosomal rearrangement due to the absence of its homologous counterpart on the other side (HSA3) of the breakpoint. Similarly, when we reanalyzed the 11 gibbon BACs at breakpoints reported by Carbone and colleagues (Carbone et al. 2006 ) using our analytical pipeline (Supplemental Tables 9, 10 ; Supplemental File 4), we identified at least five breakpoints that contain segmental duplications. None of these, however, show evidence of homologous sequence at both corresponding regions in the human genome arguing, once again, against nonallelic homologous recombination between ancestral segmental duplications. These data clearly reinforce the strong association between segmental duplications and chromosomal rearrangements (O'Brien and Stanyon 1999; Armengol et al. 2003; Bailey et al. 2004) and imply that regions of rearrangement may, in fact, also be the source of new duplications (Kehrer-Sawatzki et al. 2002; Ranz et al. 2007) . These data support an alternative model associating segmental duplication and rearrangements reinforcing that DSBs can generate segmental duplications (Koszul et al. 2004; Smith et al. 2007; Kim et al. 2008) . Our model extends these observations to include both translocations as well as inversions. As mentioned, one possibility may be that the rearrangement regions could also serve as preferential templates for subsequent or concurrent strand invasion of other regions during replicationdependent repair, spawning de novo segmental duplications at other sites (Koszul et al. 2004 ). This view is further supported by our observation of the 20-kbp segmental duplication block mapping to a core duplicon on chromosome 17. Thus, regions of genome rearrangement may, in fact, promote the formation of segmental duplications at other regions of the genome, as opposed to these being the cause of evolutionary rearrangements.
From the genic perspective, our analysis supports the more general observation that structural variation occurs preferentially near or within duplicated genes (Locke et al. 2006; Redon et al. 2006; Kidd et al. 2008) . The functional redundancy conferred by such duplicated genes might make these rearrangements more tolerable in an evolving species as opposed to disruptions of unique, single-copy genes. The growth hormone gene cluster, for example, is specific to the primate lineage and originated from a single ancestral GH gene by duplications. It comprises paralogous growth hormone genes (GH1, pituitary, and GH2, placental) and two chorionic somatomammotropin genes (CSH1 and CSH2) (Barsh et al. 1983 ). The CSH1 gene duplicated further to yield a chorionic somatomammotropin gene (CSHL1) that later became a pseudogene by inactivation (Misra-Press et al. 1994) . Likewise, the ACOT gene cluster is variable in copy number between species. This protein family regulates intracellular levels of lipids by hydrolysis of acyl CoAs to free fatty acids and CoASH with localizations in the cytosol (ACOT1) and mitochondria (ACOT2). While the human ACOT cluster is composed of ACOT1, ACOT2, and ACOT4, the mouse cluster contains six paralogous genes (Acot1-Acot6). Similarly, the vomeronasal receptors have undergone a steady evolutionary decline from mouse to humans, with gradual inactivation of pheromone sensation genes, VN1R2 and VN1R4, since the divergence of the Old World monkeys and the hominoids, ;23 mya (Zhang and Webb 2003) . These examples highlight both the variability in copy number and functional diversity for these genes, making them preferred targets for large-scale rearrangement events. Recently, Dumas et al. identified a high rate of lineage-specific gene duplication in gibbons (Dumas et al. 2007 ). Our preliminary analysis of the gibbon genome does not support this observation. Among the segmental duplications that we identified at the breakpoints, we were unable to find any overlap between genes in our analysis and the ones identified by Dumas and colleagues.
Three genes disrupted by rearrangement in gibbon showed signatures of selection consistent with pseudogenization. While it is tempting to speculate that some of these gene losses may have contributed to morphological and behavioral specialization in the Coding sequences were retrieved from either the gibbon BACs or gibbon whole-genome shotgun (WGS) reads.
gibbon lineage, further functional characterization of the genes and their impact on biochemical pathways and developmental lineages will be required. Our analysis, however, provides some interesting candidates for further investigation (i.e., loss of the growth hormone genes associated with lack of sexual dimorphism in the gibbon). Interestingly, not all genes appear to be dead as a result of rearrangement. Our preliminary analysis of two genes, ECH1 and ZNF461, suggests a model of purifying selection. While the functional implications of these results are unclear, our results raise the intriguing possibility that a gene broken by a rearrangement event may not be doomed to pseudogenization, and the underlying coding sequences may be exapted for other functions in the organism.
Methods
Gibbon BAC sequencing
Twenty-four bacterial artificial chromosomes (BACs) were chosen from the white-cheeked gibbon, Nomascus leucogenys/NLE, BAC Large gaps are generated by double-strand breaks (due to possible collapsed or stalled replication forks) at rearrangement sites. These staggered breaks are processed by exonucleases to generate long 39 overhangs. Replication is initiated by strand invasion to repair the gap. However, likely due to low processivity of the replication-dependent repair process (McVey et al. 2004) , only smaller-length sequence stretches are synthesized. Consequently, a series of strand invasion, replication, and uncoupling of the replication machinery is necessary to fill the large gap. Thus, a less-efficient replication-based repair process generates a mosaic of incomplete repetitive elements at the larger breakpoint intervals. 
Sequence alignment and annotation
Gibbon BAC sequences were initially compared with human genome sequence using BLAST sequence similarity searches and miropeats (Altschul et al. 1990; Parsons 1995) to identify potential breakpoint intervals. Analysis for repeats on finished gibbon BAC sequences was performed using RepeatMasker, and segmental duplications (>94% identical, $10 kbp size) were detected using the whole-genome shotgun sequence detection (WSSD) strategy for gibbon (Bailey et al. 2002; Chen 2004) . Human genomic coordinates corresponding to gibbon SDs (identified by WSSD mapped against the gibbon WGS clones) were intersected with human, chimp, orangutan, and macaque segmental duplication (T. Marques-Bonet and E.E. Eichler, unpubl.) to detect gibbon-specific SDs. Sequences homologous to known human SDs were detected on both syntenic human chromosomes and the gibbon BACs using DupMasker . The sequences corresponding to syntenic regions on the human chromosomes and the gibbon BACs were aligned using ClustalW (Higgins et al. 1996) . The exact sequence breaks in the alignments between gibbon and human sequences were identified as breakpoints or breakpoint intervals. To estimate the evolutionary age of various classes of repeats, sequence divergence from consensus repeat sequences was computed for each of the repeat elements mapping within and flanking the breakpoints.
Breakpoint analyses
Sequences around the breakpoints were compared with sequence motifs associated with DSBs, recombination, and chromosomal rearrangement, allowing for up to 2-bp mismatches. Sequences 615 bp around the breaks were searched for previously reported 5-9-mer recombination hotspot sequences (Myers et al. 2005 (Aoki et al. 1995) on both strands using C-program-based K-mer finder and BLAST (Altschul et al. 1990) . A homology of >75% is considered a strong binding/cleavage site (Spitzner and Muller 1988) . Sequence motifs identified in cancer-associated rearrangements were also compared with sequences near the human gibbon synteny breaks (Abeysinghe et al. 2003) .
The significance of breakpoints within genes (human Refseq) and within human recombination hotspots was determined by simulation. Breakpoints were randomly distributed to the human genome assembly (Build 35) , and the number of breakpoints mapping within human RefSeq coordinates and within human recombination hotspots (HapMap Phase II and Perlegen data [Hinds et al. 2005] ) was used to estimate an empirical P-value (n = 100 permutations). For gene break simulation, segmental duplications were excluded from the human genome sequences duplications due to our initial bias in selecting against these regions for gibbon BAC sequence analysis.
Evolutionary gene analyses
To determine the gene structure, human cDNA sequences and gibbon BAC sequences were aligned using ClustalW. Exon-intron boundaries were determined using the SIM4 program (Higgins et al. 1996; Florea et al. 1998) . Functional annotations for each of the genes were derived from www.pantherdb.org (Mi et al. 2005) . The analysis of the evolution of the coding sequence was done by maximum likelihood using PAML (Yang 1997) . The ratio d N /d S (v), which compares the rate of nonsynonymous substitutions against the rate of synonymous substitutions, was used as a measure of evolutionary constraint. If a gene is under no selection (neutrality), it tends to have d N /d S close to 1 since the ratio of fixation of synonymous and nonsynonymous mutation will be the same. However, in a situation where the gene has a strong functional role, this ratio will tend to be <1 since the nonsynonymous mutation would tend to be removed from the population because of the disturbing effect on the functional protein. Finally, positive selection (adaptive evolution) acting continuously upon the gene generates a d N /d S ratio >1 as the new nonsynonymous substitutions acquired will be fixed more rapidly than the almost neutral synonymous substitutions.
To perform the evolutionary analysis on the coding sequences, we first retrieved the best orthologous sequences using the Ensembl predictions for as many eutherian species as possible (ranging from five to eight species using human, chimpanzee, orangutan, gibbon, macaque, lemur, mouse, and dog). A multiplesequence alignment was then applied (using the translated amino acids as a unit for the alignments) and back-translating into DNA sequences. All the alignments were manually curated, and regions poorly aligned were removed (although this is a conservative measure against rapid evolution, we removed particular segments that were poorly aligned in more than one species). For the gibbon sequences containing stop codons, we used the longer translatable frame in order to study the amino acid evolution of the remaining part of the gene. We then used a codon-substitution branch model (CODEML) (Yang and Nielsen 2002) . First, a free codon-substitution model (in which every branch of the tree is allowed to have different d N /d S ) was applied to the accepted phylogeny for the species to estimate the evolutionary pressures at different times during the evolution of these genes. Then, in order to have a statistical significance to gibbon-specific estimations, different evolutionary situations were modeled and compared with the initial free model. Then, we compared a codon-substitution model for the branch leading to gibbons to a neutral evolution (v = 1) or a conserved evolution (v = 0.5) model. Likelihood ratio tests were performed using a x 2 distribution with as many degrees of freedom as differences of parameters in the model to estimate the significance of the comparison (Yang and Nielsen 2002) .
